Residual speckles in adaptive optics (AO) images represent a well known limitation to the achievement of the contrast needed for faint stellar companions detection. Speckles in AO imagery can be the result of either residual atmospheric aberrations, not corrected by the AO, or slowly evolving aberrations induced by the optical system. In this work we take advantage of new high temporal cadence (1 ms) data acquired by the SHARK forerunner experiment at the Large Binocular Telescope (LBT), to characterize the AO residual speckles at visible waveleghts. By means of an automatic identification of speckles, we study the main statistical properties of AO residuals. In addition, we also study the memory of the process, and thus the clearance time of the atmospheric aberrations, by using information Theory. These information are useful for increasing the realism of numerical simulations aimed at assessing the instrumental performances, and for the application of postprocessing techniques on AO imagery.
INTRODUCTION
Speckle noise represents one of the major limitations to the detection of faint companions to nearby stars. 1 Although current high contrast imaging instruments and coronagraphs make all use of sophisticated and high performance AO systems, 2 small optical imperfections yield quasi-static speckles and residual stray light, that can still represent a severe limitation to the achievement of the high contrast needed to detect faint companions. [3] [4] [5] [6] Indeed, in order to detect a Earth-like planet at close angular distance to a bright star, a magnitude contrast at least of the order of 10 −10 is required. Unfortunately, a contrast larger than ∼ 10 −6 cannot be expected at present time even in AO assisted coronagraphic systems when operated under the best seeing conditions at SWIR (Short-wave infrared) wavelenghts. 7 In these conditions, an accurate knowledge and characterization of residual speckles in AO images is of paramount importance not only for the application of post-facto techniques aimed at their reduction, like angular differential imaging (ADI), locally optimized combination of images (LOCI), or principal component analysis (PCA), [8] [9] [10] [11] but also to increase the realism of end-to-end simulations to optimize the performances of high contrast instruments. In addition, it has been demonstrated that speckle intensity statistics represents a powerful tool for speckle discrimination and, therefore, for their post-facto suppression. 12 Several authors have already investigated the statistical properties of speckles in AO corrected images. [13] [14] [15] [16] However, as of now, these statistical studies have mostly focused on intensity fluctuations in specific locations of the focal plane, using data sequences with a limited temporal cadence (> 40 − 50 ms), longer than the typical atmospheric timescales (5 − 10 ms). In order to complement these studies, in this work we exploit new data acquired by the LBT-SHARK forerunner experiment [17] [18] [19] at very high cadence (1 ms), and visible wavelengths. This data allows us to study the behavior of residual AO speckles down to very short timescales, and assess the atmospheric clearance time with very high accuracy. In addition we also exploit these data to study the spatial distribution of long-lived speckles which, as already mentioned, represent a severe limitation to the achievement i In order to provide a characterization of the speckle statistics, we make use of different approaches. A well recognized faint feature identification code is used to study the lifetime of the AO speckle residuals. In addition, we also make use of information theory to evaluate the memory of the process (the decorrelation timescale) and, therefore, the atmospheric clearance time. 
DATA SET
The data set used in this work consists of a series of 1 ms exposure images of the target Gliese 777 (1 ms cadence), acquired with the SHARK forerunner experiment at LBT in June 2015 (see panel a of Fig. 2 ). The pixel scale is set at 3.83 mas, and the camera is a Zyla CMOS camera manufactured by Andor Inc * . The total duration of the data series used here is 20 min (or equivalently 1200000 images). During the acquisition the LBT AO system 20 was correcting 500 modes in closed loop, and seeing was in the range 0.9 ÷ 1.2 arcsec. The V-SHARK Forerunner experiment is a set of short test observations performed at the LBT telescope to verify its AO system performance at visible wavelengths (600 ÷ 900nm) during February and June 2015. The experimental setup is minimal and composed by only two optical elements before the detector: one divergent lens to get a super sampling of PSF (point spread function) and a 40 nm FWHM filter centered at 630 nm. The AO management and wave-front sensing is left to the LBT Adaptive Optics subsystem fed through a 50% beam splitter. All the forerunner hardware is placed on a steel optical breadboard for an easy customization and attached to the LBT main structure. Data acquisition is performed using an in house developed LabView software interfacing the sCMOS camera Andor Zyla with a camera link to a PCI board yielding a maximum throughput of 140 Mpixel/s digitized at 16 bit. This fast exposure time is used to freeze the evolution of atmospheric speckles and to easily recover the residual jitter in the focal plane. We remark here that residual jitter in longer exposure images may affect the results of the statistical analysis of residual speckles. Differently from previous works on the subject, our very fast cadence allows us to reduce this effect by employing a post-facto registration of the data sequence. Our target is acquired at low Zenith angles to avoid PSF elongation due to atmospheric differential refraction, and close to the meridian to maximize the effect of field rotation useful for ADI post processing of image stacks. The data calibration process consists in the dark frame subtraction and image registration via a FFT (Fast Fourier Transform) phase correlation technique. This registration method allows the registration of the whole series of images with sub-pixel accuracy. In the left panel of Fig. 1 , we show an image of the target obtained by summing up 3000 images after their sub-pixel registration. This is equivalent to a 3 s exposure time. In the same figure (right panel) we also show a radial profile of the same long-exposure PSF. In this work we focus our attention on the region within which the AO system is effectively suppressing the atmospheric aberrations. This corresponds to a distance from the optical axis which is commonly referred to as control radius, and depends on the DM (deformable mirror) size. The dashed blue circle in the left panel of Fig.  1 shows the position of the control radius. At larger radial distances the DM is not able to suppress aberrations, and the PSF is dominated by seeing. By focusing on speckles within the control radius, we are restricting our attention to those which are due to either AO residual aberrations, or quasi-static distortions due, for example, to NCPA (non common path aberrations). However, it is worth mentioning here that SHARK is designed to minimize NCPA aberrations by simplifying its optical path and picking the beam off very close to the WFS. 17, 19 It is also worth mentioning that, during the observation, no field derotator was used.
METHODS AND RESULTS

Speckle lifetime statistics
In order to estimate the lifetime of the two populations of speckles (AO residuals and seeing-induced), speckles are identified and tracked by using the SWAMIS tracking code. 21 This code was originally written for the identification and tracking of small scale magnetic elements in the solar photosphere; 22-24 a task conceptually similar to that of the analysis of AO residual faint speckles in V-SHARK data. 25, 26 In short, the code identifies and tracks, through sequential images, small scale features which are above a user specified threshold (3σ in our case, where σ is the standard deviation computed in the region within the control radius and marked by the dashed blue line in Fig. 1) , and covering at least an area of n pixels (where n = 4 in our case). In order for a speckle to be uniquely identified, this two thresholds have to be met at the same time. In order to reduce the computational load, we limit ourselves to the first 6 s of the observation run (6000 images). Indeed, even if looking at this short interval, the number of speckles identified and meeting the above criteria amounts to 84697. This is a large number ensuring a good estimation of the underlying statistics. After the identification of the speckles, matching the searching criteria, the code assigns a label to each of them. This label is unique throughout the data series and permits the identification of the speckles at different time steps. In the lower panels of Fig. 2, we show an example of masks obtained from the identification of the speckles in the images shown in the upper panels of the same figure. We also show the labels of each speckle, which represents its unique identifier during its entire life. In order to distinguish possible differences between the two populations of speckles, we separate them into two classes: those lying within the control radius, and those outside (see blue dashed line in Fig. 1 ). As already mentioned, the tracking code returns a unique identification for the speckles matching the selection criteria. By using this information it is possible to retrieve, for each of them, the lifetime and the maximum intensity throughout their entire life. In panel (a) of Fig. 3 we show the lifetime probability density function (PDF) of the two samples of speckles. As one can note from the same figure, the PDF can be modeled by a 2-parameter Weibull distribution 27 of the form:
where t is the time that measure the lifetime, β a shape parameter, η a scaling parameter, also known as characteristic time. The least square fit to the data yields β = 0.2 and η = 2.5 ms. It is worth recalling that, by definition, the η time scale of the Weibull distribution represents the time at which ∼ 63.2% of the sampled population die. Apart from the physical meaning of that (Weibull distributions are usually found in turbulence as the signature of random multiplicative processes 28 ), this offers a simple form to include a realistic speckle characterization in numerical simulations. It is worth noting that the PDF of the lifetimes of seeing-induced speckles, as compared to that of the AO ones, shows a larger density of elements in the range 20 − 70 ms, if compared to the PDF of the AO residual speckles. This fact can be better understood by looking at the intensity distributions and the relation lifetime-intensity (panels b and c of the figure) . Indeed, the intensity distribution of seeing-induced speckles shows an intrinsically larger amount of elements, with respect to the intensity distribution of AO residuals. In the presence of a dependence of the lifetime on the intensity of the speckle (see panel c of the same figure) , this translates into an increase of the detected long-lived speckles outside the control radius of the PSF. Thus, these two simple facts together can explain the excess of long-lived seeing speckles with respect to the AO residuals, as due to the application of an intensity threshold in the detection. Brighter speckles remain above the threshold longer than the fainter ones, resulting in an increase of the fraction of the longest-lived speckles themselves. However, except for this increase at long lifetimes that can be ascribed to the detection method used, the two PDFs do not show significant differences. This confirms what already found in the literature using numerical simulations. 4 Indeed, it was found that the AO system only modifies the intensity of the speckles, leaving their lifetimes unchanged. Our results therefore represent an experimental confirmation of that. Another important aspect is by far the estimation of the atmospheric refreshing time, that is the time over which the speckle pattern is completely renewed. To this regard, in panel (b) of Fig. 3 we show the CDF (cumulative distribution function) of the AO speckle lifetime. The CDF represents the probability of finding a speckle with a lifetime τ spk shorter than τ . The CDF shows that while 50% of the speckles identified have a lifetime of the order of 1 ms, 99% of them are found within 20 ms. This means that after this time, the speckle pattern is almost completely renewed, and this value can be considered as the refreshing time scale of the atmospheric turbulence. 
Atmospheric refreshing time and memory of the process: an information theory approach
In order to independently check the above results, we make use of a completely different approach based upon information theory. 29 More in particular, we make use of the mutual information (MI), 30, 31 which is a measure of the non-linear mutual dependence of two variables X and Y , and defined as:
where p(x, y) represents the joint probability function, and p(x) and p(y) the probability density functions of X and Y , respectively. It is a well known result that, while the correlation is a measure of the linear dependence between two variables, mutual information is a more general quantity that can be applied also to non-linear processes. 32 MI was already employed in the adaptive optics field, as for example in the optimization of the wavefront reconstruction. 33 We divided the first 5 s of the observations in short subsequences of 100 ms each. We then estimated the MI between the first and any other image in the subsequence. This MI is only estimated in the region of the FoV within the control radius which is marked by dashed blue line of Fig. 1 . This was done for each subsequence. In Fig. 4 we plot the average MI as a function of the delay τ . We stress here that this analysis is only made possible by the high cadence of the data. As expected, MI undergoes a rapid decrease as the time delay goes by. This indicates a loose of correlation of the process with time. After ∼ 20 ms, MI reaches an asymptotic value, indicating the presence of a persistent pattern of residues. Most of the speckles have a very short lifetime (shorter than 20 ms) and, consequently, the MI drops by almost 80% in 1 ms (M I = 1 for τ = 0 by definition) The rapid strong reduction of MI reflects the short memory of the process associated with the evolution of the atmospheric turbulence, which determines a fast evolution of the speckle pattern. Indeed, after 20 ms the speckle pattern is completely renewed, and the mutual dependence between the current and the first PSFs is reduced at minimum. However, it is worth noting that the asymptotic value of the MI is not zero, as expected for totally independent images. As already anticipated, this implies that there exist a quasi-static component of the pattern itself. However, this component accounts for only ∼ 6% of the total information contained in the speckle images. We note that the estimated value of the decorrelation time obtained through MI, is in good agreement with that estimated by the PDF of the lifetimes seen in the previous section.
CONCLUDING REMARKS
Our results show that the turbulence clearance time at visible wavelength is of the order of 20 ms. Indeed, 99.9% of the statistical sample of speckles detected in our data have a lifetime shorter than this value. Indeed, the CDF of the speckles lifetime shows that the speckles with a lifetime longer than ∼ 70 ms are very few; only 0.15 speckle/s. In addition, the PDF of the lifetime of the AO residual speckles is found to be well represented by a Weibull distribution. This is not surprising since this distribution is generally used to model lifetimes of different physical processes in a wide range of contexts. 27 However, it is worth stressing here that the accurate modelling of the PDF of lifetimes is only made possible by the unprecedented high frame rate of the SHARK forerunner experiment that, delivering images with a cadence of 1 ms, and freezing the atmospheric turbulence evolution. The clearance time of the atmospheric turbulence estimated in this work through two different approaches (automatic speckle identification and information theory) from closed-loop AO images can be regarded as a decorrelation time scale of the spatial pattern of speckles. After this time, the speckle pattern is completely regenerated. In agreement with the results of numerical simulation as in Ref. 4 , we found that the AO system does not change the speckle lifetime, but only affects the their intensity.
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